We investigated bleached human hair by FT-IR microspectroscopy and chemical imaging. The cross sectioned hair is approximately 90 μm in diameter, showed cuticle and cortex in chemical imaging. Differential amide I/II absorbance ratio and broadening amide I band between in the cortex and cuticle were confirmed in FT-IR microspectroscopy and chemical imaging. The cystine monoxide band from the products of disulfide oxidation of the amino acid cystine is associated with hair damaging during bleaching process. With increase bleaching time, the band for cystine monoxide shows more intense and larger area in chemical image. The spatially chemical change was investigated in detail by FT-IR microspectroscopy and chemical imaging during the bleached process.
Introduction
A human hair is approximately 50 -100 μm in diameter and consists of a barrier cuticle layer (outer 5 μm), a middle cortex layer (40 -95 μm), and, when present, an inner medulla (5 -10 μm). A tightly packed hair fiber is composed of crystalline keratin, mostly in an α-helical arrangement [1] [2] . The cuticle protects the cortex from the attacks suffered by hair, and the hair's cosmetic properties, similar to the "hand" of a finished textile (i.e., stiffness, smoothness, fullness and softness, anti-drape stiffness, crispness, flexibility etc.), depend strongly on the condition of the cuticle. Therefore, most studies in cosmetics have focused on the physical and the visual properties of the cuticle's surface. However, the cortex represents 90% of the hair fiber's total weight and gives the hair fiber its remarkable properties. The cortex is richer in leucine, glutamic acid and the amino acids that are generally found in an α-helical protein. Moreover, the cortex is richer in diacidic amino acids, lysine, and histidine than the cuticle is [2] . Nevertheless, studies on the cortex are lacking. In particular, the color of human hair is due to the presence of melanin, and grains of melanin are mostly found in the cortex [2] [3] .
Hair analysis has been successfully used in many areas such as forensic, cosmetic, and medical sciences because it often reflects the health condition of a human being. Typically in forensic science, hair analyses are performed by using microscopic examination and identification. A microscopic analysis provides information about the length, color, damage, and other characteristics of both human and animal hair [4] . Even though microscopic analyses are widely used in forensic science to determine the specific properties of hair to be used as evidence [5] [6], these techniques when limited to surface analyses often have inherent flaws. By using spectroscopy, one is able to obtain, based on the chemistry of hair, additional information reflecting the chemical and the biological characteristics. The analysis of evidence by using spectroscopy often applies not only to information about natural hair but also to manmade traces such as gunshot residue or dyes [4] [7] . In toxicology, hair analysis is further used to provide evidence of heavy-metal poisoning (lead, cadmium, arsenic, and mercury) and the presence of drugs (cocaine, heroin, and amphetamines) [8] . Recently, Kakoulli et al. reported the distribution of arsenic in ancient human hair by using synchrotron radiation [8] . Furthermore, in recent years, hair has been a widely accepted biomonitor in medical science; e.g., hair from cancer patients has been compared with hair from healthy individuals in attempts to identify possible applications in cancer research and diagnosis [9] - [11] .
Hair is known not to be able to restore itself as other organs and cells can. Hence, many people want to maintain their hair in a natural and beautiful condition, so in cosmetic science, many products have been developed to prevent hair from being damaged or to repair it when it has been damaged [12] - [14] . The change in the conformation of hair during the damage process has been studied to provide information on the features of damaged hair [13] - [15] . Although the cuticle and the cortex in hair have different conformations, most studies have focused on the cuticle [13] [14] . In particular, because many people bleach their hair, many researchers have studied bleached hair to reduce hair damage cause by bleaching agents. Because grains of melanin are eliminated during the bleaching process, Wolfram and coworkers studied the mechanism of hair bleaching with a focus on both the melanin granules in hair and the changes in the chemical composition of the entire hair [3] .
The majority of vibrational spectroscopic studies have been carried out to obtain averaged data from a sample by examining the vibrational modes of its components. Conventional FT-IR spectroscopy only provides information regarding the sample's chemical composition, but a FT-IR analysis can provide rapid and specific chemical in-formation at the molecular level [16] . Thus, the IR spectroscopic imaging technique has become a powerful tool in chemical analysis; IR microspectroscopic (IMS) imaging combines spectral and spatial information at the same time and may allow the distribution of vibrational modes on the surface to be visualized. IMS imaging is especially valuable when rough surfaces, such as febrile substrates (e.g., cellulose), are investigated because it also provides information about the surface's topography [17] . IMS imaging can also detect subtle chemical changes in tissues and cells without the use of a staining or a detecting agent [17] ; it is a chemical imaging technique that can be applied to a broad range of samples and systems [17] - [19] .
In 2000, Bantignes et al. first introduced IMS imaging with a synchrotron source.
Chemical imaging showed a bonded water band within the cuticle as an effect of bleaching [12] . Since then, IMS imaging instrumentation has developed rapidly, and improved resolution and accessibility have been achieved even with a table-top source. For IMS imaging with very bright synchrotron radiation, apertures with sizes down to the diffraction limit of ~3 µm and with reasonable signal-to-noise ratios have been achieved. Recently, table top IR spectrometers equipped with an MCT focal plane array (FPA) detector or a linear MCT detector array with a moving sample stage have allowed the incoming beam through a large sample area to be spatially resolved with a high spatial resolution of <1.56 µm × 1.56 µm. The development of the table top IMS system has provided easy access to this technique and has allowed changes to be observed as a function of time and under various conditions. Herein, spatial information obtained from the cortex and the cuticle during bleaching is presented. IMS imaging was used to provide information on how the oxidative agents in bleaches are diffused throughout the cortex and how the chemical reactions in the cortex, related to the bleaching, occur as a function of the bleaching time.
Experimental
Hair samples were collected from virgin, dark hair obtained from a South Korean male aged 20 years, which is presumed to be robust and healthy. The hair was cut into 10-to 15-cm lengths starting approximately 5 cm from the root [20] . Each segment was then embedded in paraffin resin and sliced with a microtome to yield 10-μm-thick cross sections. The bleaching process was carried out at room temperature with 6% hydrogen peroxide (6% w/v H 2 O 2 ). The bleaching time was varied from 30 to 120 min in intervals of 30 min. The interval of 30 min was chosen, because the bleaching process was confirmed clearly after first 30 min with naked eyes. The bleached samples were rinsed with deionized water and left to dry at ambient room temperature.
A FT-IR microspectrosocope (Agilent Cary 620 spectrometer) equipped with a mercury-cadmium-telluride (MCT) detector cooled with liquid nitrogen and a 16 × 16 focal plane array detector (FPA) was used to obtain all spectra with a spatial resolution of 5.5 µm × 5.5 µm. All micro-spectra were collected in the transmission mode. The spectra were recorded with an 8-cm −1 spectral resolution, and 128 interferograms were coadded for each measurement to ensure a high signal-to-noise ratio. For the analyses of the micro-spectra of the cross-sectioned hair, pre-treatments, such as a baseline correlation and smoothing, were carried out by using the Agilent resolution pro (Agilent, Santa Clara, CA) and the Origin8 (Originlab Corp., Northampton, MA) programs. Visual images were then analyzed by using the Image J program.
Results and Discussion
Human hair mostly consists of fibrous structural proteins, mainly keratin, so a strong amide I absorbance peak due to the C=O vibration is expected at ν ~ 1658 cm −1 , which can be assigned to the α-helical structure [21] [22]. background to the highest absorbance intensity at 1658 cm −1 . Notably, the cuticle region surrounding the cortex can clearly be distinguished from the cortex by the green color in the chemical image, indicating a lack of the α-helical form of proteins in that region. In addition, the cortex (a in A) with highest absorbance has a red color, the cuticle (b in A) with reduced absorbance has a green color, and the paraffin block (c in A) used to fix the hair for the cross-sectioning process has a blue color. The thickness of the cuticle band was ca. 3 -5 nm, which is in good agreement with data reported in the literature [2] . FT-IR spectra corresponding to the locations labeled a, b, and c in Figure 1 (A) are shown on the left in Figure 1(B) and enlargements of the amide I and II regions in the spectra on the left are shown on the right. The spectra indicate that the pristine hair has an α-helical protein conformation at the locations of both the cortex (a) and the cuticle (b), given that the amide I band, mainly associated with the C=O stretching vibration at 1658 cm −1 , and amide II band, associated with the N-H bending vibration and C-N stretching vibration at 1542 cm −1 , are known to be conformation sensitive. The differential amide I/II absorbance ratio and the broadening ratio of the amide I band between the cortex and the cuticle were obtained from the enlarged spectra in Figure  1 (B) for the amide I and II regions, which should be related to the heterogeneity of the amino-acid composition and to the different secondary and tertiary structures in the cortex and the cuticle [12] [21] . In addition to these intense major bands from the backbone structures of the proteins, amide A has a clearly visible band at 3294 cm −1 (spectra to the left) due to the N-H stretching vibration. The amino-acid composition of the cuticle differs from that of the cortex [12] [21]. The high contents of serine and proline in the cuticle are indications of a non-helical structure of the protein chain [23] . A broadening of the amide I band in the cuticle is also an indication of a non-helical structure [21] . The α-helix structure of hair keratin is seen in the hair photos taken before beaching and after bleaching with hydrogen peroxide for 120 min and in the plot of brightness as a function of the bleaching exposure time to hydrogen peroxide. During the bleaching process, the cuticle lifts and is abraded, causing diffused reflection. Moreover, melanin and the disulfide bonds of keratin can be attacked by the hydrogen peroxide, leading to oxidative cleavage of the disulfide bonds. When the oxidation of the keratin matrix occurs in the cortex, where the melanin granules are mainly distributed, the melanin undergoes irreversible changes, resulting either in a toning down or a complete elimination of the color of the original hair fiber.
When the pristine hairs were dipped into 6% hydrogen peroxide, bleaching occurred. In Figure 2 (A), pictures before and after bleaching for 120 min are shown; the lowest bright point (darkest part) and least black part are marked with the brightness in the picture. Note that the brightness scale was initially determined by (R, G, B) color values, ranging from (0, 0, 0) to (255, 255, 255) for the darkest black to the brightest white, respectively. Then a one dimensional grey-level (brightness) was calculated by the average of those three RGB values, from 0 black) to 255 (white). While the average brightness of non-bleached black hair was 34, the minimum (darkest part) and the maximum (brightest part) values were 12 and 63, respectively; on the other hand, the average brightness of the hair bleached for 120 min was 103, and the minimum and the maximum values were 23 and 117, respectively. The numerical values for the brightness were obtained by using the black-to-white brightness scale given in the figure. The bleaching-time-dependent brightness of the hair, Figure 2 (B), shows that the average brightness of the hair color increased from 34 to 103 with increasing bleaching time.
The error bars in the plot indicate the maximum and the minimum values of the brightness. Thus, the average of brightness of the hair color was found to increase with increasing bleaching time.
Since the actual bleaching process, i.e., keratin oxidation and melanin elimination, is known to happen in the cortex, we focused on monitoring the chemical changes in the cortex during the bleaching process. The chemical images of amide I (1658 cm −1 ) and amide A (3294 cm −1 ) before (0 min) and after (120 min) bleaching the hair are shown in Figure 3 (A), and their corresponding full spectra obtained at different etching times are shown in Figure 3(B) . From the chemical image of amide I, the cortex region was clearly distinguished from the cuticle. In addition, the differences in the distributions of those bands before and after bleaching were negligible, which is in good agreement with the results in a previous report. Another noteworthy observation is that the cross-sectioned hair has a square-like shape after having been bleached for 120 min, indicating that a severe macroscopic deformation had occurred in the hair during to the bleaching process. A series of FT-IR spectra obtained for the region with the highest absorbance in the chemical image of amide I are shown in Figure 3(B) . While the disulfide bond will appear around 500 cm −1 , the bonds in the byproducts of disulfide oxidation of cysteine,
i.e., cystinesulfonic acid, cystine monoxide, and cystine dioxide, should appear as characteristic infrared absorptions at 1040, 1072, and 1125 cm −1 , respectively [12] [14] [22] . cm −1 for different bleaching times, detailing how the oxidation process is spread throughout the cortex. In the first image (before bleaching), no hint of the cysteinemonoxide band is observed in the cortex. With increasing bleaching time, the band for cystine monoxide becomes more intense and progressively occupies larger areas in the cortex. Intense absorbance spots first appear at 1072 cm −1 for a region of the cortex interfacing with the cuticle in the hair bleached for 30 min. The areas having strong absorbance for cysteine monoxide are spread throughout the cortex. Presumably, the hydrogen peroxide that had permeated from the cuticle penetrated the cortex region. After 90 min of bleaching, the absorbance band due tocystine monoxide can be seen to cover the entire cross-sectioned hair, indicating that the entire hair, from the cuticle to the cortex, was significantly attacked by hydrogen peroxide. Although this observation may not necessarily correlate with the actual color change upon bleaching, we can, nevertheless, conclude that 1) the cleavage and oxidation of disulfide bonds is complete within the first 90 minutes of hydrogen-peroxide treatment, and 2) the formation of cystine derivatives does not affect the protein's tertiary structure (i.e., keratin's helical structure) significantly. In Figure 4 , we plot the area and the intensity ratios of cystine monoxide (1072 cm minutes. From this, we infer that diffusion of the oxidation agent (here, hydrogen peroxide) throughout the cortex happens somewhat quickly, providing partial cleavage of some disulfide bonds. Meanwhile, the absorbance ratio showed a delayed increase after 30 minutes of bleaching, indicating that some bonds are hidden along the diffusion path and require a longer time to access.
Conclusion
The FT-IR microspectroscopic imaging method enables chemical imaging by combining spectral and spatial information. The chemical images contain chemical information from all pixels covering the measured areas at the same time. It is also a useful method for the analysis of human hair because it can be used to analyze both the cortex and the cuticle of cross-sectioned hair. In this research, we studied the bleaching of hair and measured the chemical effects of bleaching as a function of position in the crosssectioned hair. Transformations due to the breakage of bonds in specific chemical groups were observed and spatially characterized. The cystine-monoxide band, which was due to the products of disulfide oxidation of the amino acid cystine, was associated with hair damage. By spectrally mapping infrared functional groups, we could demonstrate how the oxidative reaction spread throughout the cortex as a function of the bleaching time. 
